Abstract. Flow regulation has reduced the exchange of water, energy, and materials between rivers and floodplains, caused declines in native plant populations, and advanced the spread of nonnative plants. Naturalized flow regimes are regarded as a means to restore degraded riparian areas. We examined the effects of flood regime (short [SIFI] vs. long [LIFI] inter-flood interval) on plant community and soil inorganic nitrogen (N) dynamics in riparian forests dominated by native Populus deltoides var. wislizenii Eckenwalder (Rio Grande cottonwood) and nonnative Tamarix chinensis Lour. (salt cedar) along the regulated middle Rio Grande of New Mexico. The frequency of inundation (every 2-3 years) at SIFI sites better reflected inundation patterns prior to the closure of an upstream dam relative to the frequency of inundation at LIFI sites (!10 years). Riparian inundation at SIFI sites varied from 7 to 45 days during the study period (April 2001-July 2004. SIFI vs. LIFI sites had higher soil moisture but greater groundwater table elevation fluctuation in response to flooding and drought. Rates of net N mineralization were consistently higher at LIFI vs. SIFI sites, and soil inorganic N concentrations were greatest at sites with elevated leaf-litter production. Sites with stable depth to ground water (;1.5 m) supported the greatest leaf-litter production. Reduced leaf production at P. deltoides SIFI sites was attributed to drought-induced recession of ground water and prolonged inundation. We recommend that natural resource managers and restoration practitioners (1) utilize naturalized flows that help maintain riparian groundwater elevations between 1 and 3 m in reaches with mature P. deltoides or where P. deltoides revegetation is desired, (2) identify areas that naturally undergo long periods of inundation and consider restoring these areas to seasonal wetlands, and (3) use native xeric-adapted riparian plants to revegetate LIFI and SIFI sites where groundwater elevations commonly drop below 3 m.
INTRODUCTION
Riparian forests are some of the most productive and diverse ecosystems on Earth due to the exchange of water, materials, and nutrients between rivers and their floodplains during flood pulses (Junk et al. 1989 , Bayley 1995 . They provide important ecological services, such as (1) water filtration from upland areas (Hill 1996 (Hill , 2000 or flood waters (Martı´et al. 2000 , Valett et al. 2005 and (2) critical habitat or migration corridors for many species of wildlife, particularly in semiarid to arid catchments (Ohmart and Anderson 1982 , Knopf et al. 1988 , Szaro 1991 . Discharge in 59% of the world's large river systems is regulated via dams, diversions, irrigation, and groundwater pumping (Nilsson et al. 2005) . Severe flow regulation occurs in 82% of desert and xeric shrubland catchments globally (Nilsson et al. 2005 ). Flow regulation reduces or severs hydrological and ecological connections between rivers and their floodplains (Ward and Stanford 1995) , thereby contributing to riparian forest decline (Howe and Knopf 1991) . Riparian forests of the U.S. southwest are currently considered endangered ecosystems in which the structure, function, or composition has been altered 85-98% since European settlement (Christensen et al. 1996) .
Populus species (cottonwoods) are the most abundant native woody riparian plant along rivers of the western half of the United States (Friedman et al. 2005) . However, altered timing, frequency, magnitude, and duration of peak flows due to flow regulation have reduced the recruitment of Populus species and other native riparian plants (Rood and Mahoney 1990 ) and opened niches that favor the spread of nonnatives (Merritt and Cooper 2000 , Stromberg 2001 , Shafroth et al. 2002 , Uowolo et al. 2005 . The third and fourth most common woody riparian plants along rivers of the western half of the United States today are nonnative Tamarix species (salt cedar) and Elaeagnus angustifolia L. (Russian olive; Friedman et al. 2005) .
Water resource managers are faced with the challenge of providing adequate water supplies to meet the demands of human populations while conserving ecosystem structure and function. However, many river and riparian systems have been altered as a result of 1 Present address: Department of Biology, Duke University, Durham, North Carolina 22708 USA. E-mail: follstad.shah@duke.edu anthropogenic influences (Rood and Mahoney 1990 , Bayley 1995 , Ward and Stanford 1995 , Poff et al. 1997 , Merritt and Cooper 2000 , Nilsson et al. 2005 . As a result, thousands of river and riparian restoration projects in the United States have been implemented, with costs totaling over $1 billion per year (Bernhardt et al. 2005) . Naturalization of flow regime (sensu Poff et al. 1997) , including the reinstatement of overbank flows, is a common type of restoration practice in the U.S. southwest when stores of water are abundant (Follstad Shah et al. 2007) . Managed flooding coincident with the springtime release of seed helps to conserve Populus forests through the recruitment of new seedling cohorts (Mahoney and Rood 1998 , Taylor et al. 1999 , Sher et al. 2002 . Managed flooding also up-regulates ecosystem processes, such as litter decomposition and soil respiration, in mature stands of native vegetation (Molles et al. 1995 , 1998 , Ellis et al. 1999 , Valett et al. 2005 . Few studies (e.g., Adair et al. 2004) , however, have examined how flow regulation or managed flooding alter riparian soil nutrient availability and cycling, although water and nitrogen (N) co-limit the growth of Populus species in many areas of the western United States (Marler et al. 2001, Adair and Binkley 2002) .
The middle Rio Grande of New Mexico has a history of over 50 years of flow regulation (Bullard and Wells 1992) . The floodplain along the middle Rio Grande, like many other large river systems, was characterized through the early part of the 20th century as a changing mosaic of ecosystems perpetuated by large-scale, yet patchy, patterns of channel avulsion, bank scouring, annual flooding, and plant recruitment (Crawford et al. 1993) . Two large dams, Cochiti and Elephant Butte, are now situated in the northern and southern portions of the middle Rio Grande (Fig. 1) . Cochiti Dam to the north has served as the delivery point for managed flows throughout the middle Rio Grande since November 1973 (Bullard and Wells 1992) . Three smaller diversion dams also regulate river flow within the middle Rio Grande. The flow in most reaches is perennial, although some reaches cease to flow in years of drought. Peak flows historically occurred in mid-May through June, concurrent with snowmelt from headwater sources in the San Juan Mountains of Colorado, USA. Peak annual discharge from 1942-1973 averaged 225 m 3 /s at USGS gauge 08330000 at Albuquerque, New Mexico, USA, but has been reduced to a mean of 150 m 3 /s following completion of Cochiti Dam (data available online).
2 The largest recorded peak flows prior to the closure of (Fig. 2) . This flood resulted in the last major P. deltoides recruitment event along the middle Rio Grande 3 Floods of this magnitude that have occurred after 1973 can be attributed to two factors. First, managed flood pulses are sometimes released in spring during higher snowpack, such as during El Nin˜o years (Molles et al. 1992) , when releases can be balanced with water storage in upstream reservoirs. Second, intense summer thunderstorms and dissipating tropical storms in fall induce peaks that can result in overbank flood events in reaches located below the confluences of the Rio Puerco and Rio Salado with the Rio Grande (Bullard and Wells 1992, Vivoni et al. 2006) .
Indicators of Hydrologic Alteration software calculates flood duration as the number of days that pass for each flood to rise, peak, and fall. The duration of twoyear floods, under this definition, has increased at USGS gauge 08330000 in Albuquerque, New Mexico, USA, from a mean duration of 80 days in 1942-1973 to 100 days in 1974-2004 . Floods of this duration are not unusual on rivers whose flow is dominated by snowmelt contributions, whereas flood duration is typically much shorter on many rivers of the southwestern United States fed by monsoonal precipitation (Stromberg et al. 2007a) . The length of inter-flood interval (IFI; sensu Molles et al. 1998 ) between which inundation occurs differs for riparian forests along the middle Rio Grande. Impoundments along the middle Rio Grande have promoted areas of channel incision in the northern part of the reach, but aggradation has occurred in areas near Elephant Butte Reservoir (Bullard and Wells 1992) . Floodplain surface elevations have also increased through flood-related sediment deposition over time. Portions of floodplain are now isolated from flood pulse dynamics (e.g., LIFI sites) as a result of these factors, in conjunction with diminished peak annual flows.
Riparian plant communities in the middle Rio Grande historically were dominated by Populus deltoides var. wislizenii Eckenwalder (Rio Grande cottonwood) interspersed with native understory species, such as Salix exigua Nutt (coyote willow), Baccharis glutinosa Pers. (seep willow), Amorpha fruticosa L. (false indigo bush), and Forestiera neomexicana A. Gray (New Mexico olive; Crawford et al. 1993) . Introduction of nonnative species, such as Tamarix chinensis Lour. (salt cedar) and Elaeagnus angustifolia L. (Russian olive), since the early 20th century has greatly altered riparian community composition. Specifically, T. chinensis has become the dominant species in much of the southern part of the reach and E. angustifolia has become prevalent in the northern part of the reach.
This study investigates how differences in flood regime (i.e., short vs. long inter-flood interval) regulate plant community and soil nitrogen dynamics in riparian forests along the middle Rio Grande of New Mexico. We quantify how inundation frequency influences leaf and litter production and stoichiometry, soil inorganic nitrogen concentrations, and rates of net nitrogen mineralization in stands of the two most common species along the middle Rio Grande: native P. deltoides and nonnative T. chinensis. We show how these ecological variables are intricately linked in a feedback cycle of soil N accumulation. Finally, we call for consideration of the duration of inundation when reconnecting rivers and riparian forests via flooding and make some recommendations for natural resource managers.
METHODS

Study site description
The middle Rio Grande of New Mexico, USA extends from the Otowi gauge in the north to the Elephant Butte gauge in the south (Fig. 1) . It is ;320 km in length, beginning at an altitude of 1673 m and ending at an altitude of 1262 m. The drainage area included within this reach of river is roughly 39 200 km 2 . The climate of the region is classified as arid to the south and semiarid to the north (Tuan et al. 1973) , with 20 cm and 31 cm of mean annual precipitation, respectively. Mean monthly air temperatures in July range from 218 to 248C, while minimum monthly air temperatures in January are about 48C throughout the valley. Roughly 50% of annual precipitation is supplied by late summer monsoonal storm events, although the proportion can vary considerably from year to year. The middle Rio Grande is slightly sinuous with straight, meandering, and braided reaches that traverse three major biotic communities: Great Basin grassland, semi-desert grassland, and Chihuahuan Desert scrub (Brown and Lowe 1980) . The floodplain varies in width from ,1.5 km to ;10 km. Levees or natural bluffs generally limit the extent of the riparian forest, with the greatest widths reaching 4-5 km in the south. Floodplain soils are Typic Ustifluvents of the Gila-VintonBrazito association with 0-2% slope. These soils are stratified sandy clay loam over sandy mixed calcareous alluvium.
We selected eight study sites located as far north as the city of Albuquerque, New Mexico, USA (35805 0 N, 106840 0 W) and as far south as the Bosque del Apache National Wildlife Refuge (NWR; 33846 0 N, 106852 0 W; Fig. 1 ; also see Plate 1). Four of these sites were dominated by P. deltoides, ranging in age from 35 to 61 years at the start of the study (P. Jacobson, personal communication). The other four sites were dominated by T. chinensis, ranging in age from ;16 to 26 years (V. Beauchamp, personal communication). Two P. deltoides and two T. chinensis sites were designated as short interflood interval (SIFI) sites based on their elevation above the stream channel and their history of flooding (every 2-3 years). The remaining P. deltoides and T. chinensis sites were designated as long inter-flood interval (LIFI) sites. These sites were not inundated during the period of study (April 2001 -July 2004 (Crawford et al. 1993) . Inundation of the Central Albuquerque site in 2005 but not in 1993 is attributed to a restoration project located adjacent to the site in which the bank had been lowered. Therefore, flooding of the LIFI sites at the time of sampling is assumed to have not occurred since the 1980s.
Nonnative vegetation (i.e., E. angustifolia and T. chinensis) was present in the understory of the South Valley Albuquerque and Central Albuquerque LIFI study sites, but was mechanically cleared in fall 2002 and spring 2004, respectively. Clearing at the South Valley Albuquerque site was intentional and designed as part of a companion study (Dahm et al. 2002 , Cleverly et al. 2006 
Groundwater sampling and analysis
An 80 3 80 m study plot was delineated at each study site, with groundwater wells located in each corner and at the center of the plot. Groundwater wells were constructed of 5 cm inner diameter polyvinyl chloride (PVC) pipe with ;100 cm screen lengths capped at the bottom. Each shallow groundwater well was handdriven to 1 m below the winter water 
Soil sampling and analysis
Four transects ran from the center groundwater well to wells in each corner of the plot. Three soil-sampling points were established at 10-m intervals along each transect. Soils were collected seasonally (April 2001-July 2004 for P. deltoides sites; November 2002-July 2004 for T. chinensis sites) using a 2.2 3 30 cm stainless steel soil probe (AMS, American Falls, Idaho, USA) fitted with a butyrate plastic liner. Liners were discarded after sampling along each transect. Soils collected along each transect were pooled and homogenized within polyethylene bags. Samples were stored at 48C until further processing could be conducted.
In the laboratory, samples were sieved (2 mm) to remove roots and organic debris. Gravimetric field water content was measured by drying 10-20 g subsamples of soil for 24 hours at 1008C and subtracting the sample dry mass from its initial mass. The proportion of soil comprised of organic matter was determined by mass loss-on-ignition at 5008C. Another set of pre-weighed soil subsamples was saturated with deionized water, drained for 30 minutes, and dried for 24 hours at 1008C. Water holding capacity was calculated by subtracting the dry mass from the wet mass of each sample and dividing the remainder by the dry mass. Two more sets of soil subsamples, weighing 10 g dry mass, were used to measure soil concentrations of NO 3 À -N and NH 4 þ -N and potential rates of net N mineralization. Subsamples used to measure soil N concentrations were immediately extracted with 100 ml of 2 mol/L KCl. Net N mineralization subsamples were brought to 50% water holding capacity with deionized water on a weekly basis and incubated aerobically at 208C for 10 weeks. Nitrogen within the samples was extracted with 100 ml of 2 mol/L KCl at the end of the incubation. KCl extractions were analyzed for NH 4 Soil pH was measured electrometrically using a 1:1 suspension of soil sample to 0.01 mol/L CaCl 2 solution. Electrical conductivity was measured on an Accumet Model 50 conductivity meter (Fisher Scientific International, Hampton, New Hampshire, USA) using a slurry of 2:1 parts deionized water to soil sample. Bulk density of samples was determined as oven-dry mass per volume (based on core volume). Soil texture (percentage sand, silt, clay) for each study site was quantified using the hydrometer method for particle size analysis (Gee and Bauder 1986) . Each of these measures was performed for a single set of soil samples.
Percentage nitrogen (% N) and percentage carbon (% C) of 50-100 mg subsamples of soil were determined via high temperature combustion using a ThermoQuest CE Instruments NC2100 Elemental Analyzer (ThermoQuest Italia, S.p.A., Rodano, Italy). Total phosphorus (P) content of soils was measured by combusting 10 g samples at 5008C for one hour, adding 100 mL of 1 mol/L HCl to each sample, and incubating them for 30 minutes at 808C (Stelzer and Lamberti 2001) . Dilution aliquots of extracts were analyzed for PO 4
À3
-P on a Technicon AutoAnalyzer II using Technicon Industrial Methods 94-70W. Percentage N, C, and P of soil samples were transformed to molar concentrations, which were used to compare C:N, C:P, and N:P ratios.
Leaf and litter production measurement and analysis
Leaf area index (LAI) was measured each month throughout the growing season in 2001-2003 using a LAI-2000 sensor (Li-Cor, Lincoln, Nebraska, USA). The sensor was placed at the ground surface for all below-canopy measurements. Above-canopy measurements were made either from a ladder at sites equipped with micrometeorological towers or from levee roads adjacent to study sites. LAI data were collected from five locations at each study site. Above-canopy measurements were taken both before and after the associated below-canopy measurements due to rapidly changing light conditions before dawn and after sunset. In addition, the first plot measured post-dawn or presunset was repeated at the end of the sequence. The leaf area at P. deltoides sites was calculated to be twice the measured LAI. The morphology of T. chinensis causes a large proportion of stems to be included in measures of LAI. Thus, stem area index (SAI) was measured at T. chinensis sites after defoliation in winter of each year to measure the contribution of SAI to LAI at these sites. SAI was subtracted from LAI for T. chinensis sites. The resulting value was multiplied by p to reflect the cylindrical geometry of T. chinensis leaves and represented the leaf area of T. chinensis sites.
Leaf Leaf-litter samples were dried at 608C for 48 hours and stored in a desiccator until nutrient analyses could be conducted. Leaf-litter C:N:P ratios of 10 mg subsamples were determined using the same methods described for quantifying the stoichiometric ratios of soil samples. Standing stock of forest floor litter was measured in February 2004 by collecting all organic matter within a 0.06-m 2 quadrat placed adjacent to each soil sampling point. Forest floor litter samples were dried at 608C for 48 hours and weighed.
Statistical analyses
Data were transformed (log[x þ 1] for electrical conductivity, bulk density, soil NO 3 À -N and NH 4 þ -N, and standing stock of litter; arcsine-square root for soil texture, percentage organic matter, and gravimetric soil moisture) as needed to meet statistical assumptions before conducting each analysis. Individual a posteriori tests (Tukey's hsd for data with equal variance; Tamahane's T2 for data with unequal variance) were performed for each one-way analysis of variance (ANOVA) or multivariate general linear model (GLM). All statistical analyses were conducted using SPSS 12.0.1 (SPSS, Chicago, Illinois, USA).
RESULTS
Depth to ground water and groundwater chemistry
Mean depth to ground water differed significantly across treatments (species and flood regime; GLM, F 3,5 ¼ 118.56, P , 0.001). P. deltoides LIFI sites had deeper ground water than P. deltoides SIFI sites, while ground water was deeper at T. chinensis SIFI vs. LIFI sites (Table 1) . Annual mean depth to ground water did not differ across years. However, seasonal fluctuations ranged from 1.2 to 2.9 m within sites (Fig. 3) Each variable was measured once during the period of study, n ¼ 8 for each variable. MANOVA was used to detect statistical differences across treatments, with the exception of electrical conductivity (EC) for which a Kruskal-Wallis H test was followed by Mann-Whitney U pair-wise comparisons.
à , years for which complete data sets for both P. deltoides and T. chinensis were available. A univariate GLM, with year as a covariate, indicated that depth to ground water was statistically similar for both years.
# Data represent samples collected in June of 2003, n ¼ 10 for all but P. deltoides SIFI sites (n ¼ 6). MANOVA was used to detect statistical differences across treatments. mg/L, while mean NO 3 À -N concentrations ranged from 0.02-0.05 mg/L (Table 1) .
Physical characteristics of soils
One-way ANOVA showed that most physical characteristics of soils were similar across treatments, with a few exceptions (Table 1) . T. chinensis LIFI sites had higher electrical conductivity and reduced soil organic matter (P , 0.05) relative to other sites. SIFI sites generally had less sand (30-60%) and more clay (30-70%) than LIFI sites (see Plate 1).
Gravimetric soil moisture fluctuated over time within both P. deltoides and T. chinensis sites (Fig. 4) , ranging from 13% to 34% across SIFI sites and 7% to 24% across LIFI sites. Soil moisture was generally higher in fall through winter than in spring through summer, due to the onset of the monsoon and cessation of the growing season. SIFI sites within stands of both P. deltoides and T. chinensis were wetter, on average, than LIFI sites (RMANOVA, P. deltoides: (Fig. 5c ). Seasonal effects were most evident for soil NO 3 À -N at P. deltoides sites (Fig. 5a ), which exhibited peak values in late winter to early spring of each year followed by reduced concentrations during the growing season.
Soil NO 3 À -N at P. deltoides sites was consistently and significantly greater over time in the absence of flooding (RMANOVA, F 1, 181 ¼ 22.16, P , 0.001; Fig. 5a ). In contrast, T. chinensis SIFI and LIFI sites had similar concentrations of soil NO 3 À -N over the study period (Fig. 5c) Mean rates of net N mineralization during aerobic incubations ranged from 0.00 to 0.51 lgÁg À1 Ásoil d À1 at P. deltoides sites and from 0.00 to 0.14 lgÁg À1 soilÁd À1 at T. chinensis sites (Fig. 6) . Mean rates of net nitrification were 78% of net N mineralization rates. LIFI sites generally had higher rates of net N mineralization (RMANOVA, P. deltoides, F 1, 153 ¼ 15.39, P , 0.01; T. chinensis, F 1,97 ¼ 5.92, P ¼ 0.03), but rates were inconsistent over time (RMANOVA, P. deltoides, F 11, 143 ¼ 11.42, P ¼ 0.02; T. chinensis, F 7,91 ¼ 12.56, P ¼ 0.001). Peak rates at P. deltoides sites occurred in November 2001 and continued to decline until May 2004, when both SIFI and LIFI P. deltoides sites were characterized by net N immobilization (Fig. 6a) . A similar decline over time characterized rates of net N mineralization at T. chinensis sites, with the exception of a spike in rates at T. chinensis LIFI sites in May 2004, concurrent with net N immobilization at T. chinensis SIFI sites (Fig. 6b) .
Stoichiometry of soils
Soil N:P ratios ranged from ;2-5. A multivariate GLM showed that soil N:P ratios at T. chinensis LIFI sites were, on average, significantly lower than other study sites (Table 2) Leaf production, leaf-litter stoichiometry, and N inputs to soils via leaf litter
Mean growing season LAI values ranged from 3.2 to 6.8 and 0.8 to 6.6 for P. deltoides and T. chinensis sites, respectively. Mid-summer LAI values within species did not vary significantly by flood regime (RMANOVA, P . 0.05 for each species). Site means of net N mineralization rates, soil inorganic N concentrations, depth to ground water, PDZI, and precipitation for June 2001-2003 were entered into a step-wise multiple linear regression to predict the major control(s) on mean values of LAI for June of [2001] [2002] [2003] . Results indicated that 66% of the variation in LAI was explained by mean soil inorganic N concentration (x 1 ) and mean depth to ground water (x 2 ) at each site ( y ¼ 5.77 þ 0.24x 1 À 0.02x 2 ; n ¼ 15, P ¼ 0.002).
Data on leaf-litter production and total litterfall N inputs were compared using nonparametric analyses (Mann-Whitney U tests or Kruskall-Wallis H tests followed by Mann-Whitney pair-wise comparisons). P. Fig. 7a ). T. chinensis SIFI and LIFI sites also had similar quantities of leaf production in [2004] [2005] (Fig. 7a) . One-way ANOVA showed that the standing stock of litter did not differ across flood regime within stands of either P. deltoides or T. chinensis (Table 1) , despite flood-related differences in annual leaf-litter production.
A multivariate GLM indicated that leaf litter at P. deltoides LIFI sites had significantly higher percentage N and lower C:N ratios than P. deltoides SIFI sites throughout 2000-2001 (Table 2) 
DISCUSSION
We propose that P. deltoides SIFI sites in this study represent ''open'' systems, with multiple pathways of N input and loss (Fig. 9a) . These sites were characterized by reduced pools of soil inorganic N relative to P. deltoides LIFI sites (Fig. 5a, c) . In contrast, we propose that P. deltoides LIFI sites represent ''closed'' systems, with strong internal recycling of N resources (Fig. 9b ) that augmented pools of soil inorganic N. Leaf-litter production and its associated inputs of N to soils enhanced differences in soil inorganic N concentrations at P. deltoides SIFI and LIFI sites. T. chinensis sites included in this study did not conform to ''open'' and ''closed'' system models as well as P. deltoides study sites. Rather, differences in leaf-litter production at T. chinensis sites influenced soil N concentrations to a greater degree than differences in flood regime. In turn, leaf litterfall was most productive at sites with greater soil N and shallower and/or less variable depth to ground water. The bidirectional relationship between soil N concentrations and leaf-litter production represents a positive feedback loop.
Intermittently flooded riparian areas as open systems
Flood waters are sources of N to riparian systems through inputs of dissolved or particulate N in the water column or deposition of N-rich sediment (Adair et al. 2004 , Valett et al. 2005 . Flood inundation also induces re-mobilization of nutrients from riparian soils through mineralization (Heffernan and Sponseller 2004) . Riparian soils and litter can retain significant fractions of total inorganic N inputs from flooding (Brunet et al. 1994 , Andersen et al. 2003 , Valett et al. 2005 , Andersen and Nelson 2006 . However, N uptake by microbes and plants, gaseous losses of N to the atmosphere through denitrification, and flushing of solutes via flood waters can result in a net loss of N from soils (Vought et al. 1994 , Pinay et al. 1995 , Holmes et al. 1996 , Baldwin and Mitchell 2000 , Forshay and Stanley 2005 , Valett et al. 2005 ). Potential denitrification rates for semiarid floodplain soils (i.e., anaerobic conditions plus C and N Notes: SIFI and LIFI represent short inter-flood interval and long inter-flood interval, respectively. Soil data are annual means 6 SE; n ¼ 32. Leaf-litter data are means 6 SE; n ¼ 30 (2000), 10 (2001), or 6 (2004) . Values sharing common letter superscripts denote between-treatment statistical difference at P . 0.05. amendments) have been reported to be between 60-80 ng NÁg À1 soilÁh À1 (Holmes et al. 1996) . These rates accounted for only 25% of declines in NO 3 À -N observed during an artificial re-wetting experiment using soils from the same location for which the denitrification measures were conducted (Heffernan and Sponseller 2004) . The remainder of NO 3 À -N decline was attributed to microbial immobilization, although not directly measured. Net N immobilization was observed a few times during this study, particularly at SIFI sites. Immobilization can occur as microbial and fungal communities grow in response to periodic inundation of N-limited systems , likely fueled by flood-related increases of dissolved organic carbon (DOC; Valett et al. 2005 ). This mechanism of N retention is supported by evidence that mats of P. deltoides litter can take up floodwater N before the N reaches riparian soils (Andersen et al. 2003) . Uptake by plants is another Greater-than and less-than signs refer to comparisons in quantities or rates between SIFI and LIFI sites. source of N loss from riparian soils. Roots from trees located within SIFI sites had greater rates of inorganic N uptake over the growing season relative to LIFI sites (J. Follstad Shah, unpublished data).
Denitrification, microbial and fungal immobilization, and plant uptake are mechanisms of N loss active within LIFI sites as well as SIFI sites. Rates of these processes within LIFI sites often are limited by low soil moisture. For example, we observed net N immobilization at P. deltoides LIFI sites only after large amounts of rainfall in spring 2004. Net immobilization was not observed at T. chinensis LIFI sites likely due to the predominance of sandy soils at these sites, through which water infiltrates rapidly. In addition to being characterized by slower rates of ecosystem processes, soils within LIFI sites rarely undergo flushing via floodwaters, which allows gradual accumulation of soil N. Thus, LIFI sites represent relatively more ''closed'' systems in contrast to SIFI sites. We did not investigate all aspects of N cycling necessary to calculate net gains or losses of N from SIFI and LIFI sites. As such, the concept that SIFI sites represent ''open'' systems and LIFI sites represent ''closed'' systems should be viewed as a model in need of further testing.
Soil inorganic N dynamics within T. chinensis study sites
Contrary to patterns at P. deltoides sites, soil inorganic N concentrations were greater at T. chinensis SIFI sites relative to T. chinensis LIFI sites. This difference was driven primarily by greater concentrations of soil NH 4 þ -N. Greater soil NH 4 þ -N concentrations in SIFI vs. LIFI sites have been observed in other riparian ecosystems (Pinay et al. 2000) . Riparian zone inundation can increase decomposition of forest floor detritus (Ellis et al. , 1999 , thereby introducing substantial amounts of NH 4 þ -N to soils. Inundation and higher soil moisture also can lead to anoxic conditions that promote increased cation exchange of NH 4 þ -N within sediments and cessation of nitrification (Paul and Clark 1996) . These processes may have been the dominant drivers of elevated soil NH 4 þ -N concentrations at T. chinensis SIFI vs. LIFI sites (Fig. 5d) , since flood events did not stimulate increased rates of net N mineralization within T. chinensis sites (Fig. 6b) .
The pulse of NO 3 À -N at T. chinensis SIFI sites postflooding (Fig. 5c ) was likely caused by nitrification of NH 4 þ -N mobilized from sediments during inundation (Qiu and McComb 1996, Sanchez-Pe´rez and Tre´mo-lie`res 1997) . In contrast to all other study sites, soils at T. chinensis LIFI sites had extremely high C:N ratios (between 40:1 and 130:1; Table 2 ). N-limitation induces net N immobilization by microbial communities, but we observed net N mineralization in soils of T. chinensis LIFI sites throughout mineralization assays (Fig. 6b) . We suggest that low soil moisture content at T. chinensis LIFI sites (Fig. 4) led to mortality of microbes and decomposition of osmoregulatory molecules (Fierer and Schimel 2003) , thus promoting increased nutrient availability upon rewetting during aerobic incubations (Heffernan and Sponseller 2004) .
Effects of drought and the clearing of understory vegetation on soil inorganic N
The climate regime throughout the study was characterized by periods of mild to moderate wetness interspersed with periods of mild to extreme drought. Drought has been correlated to increases in soil N mineralization potential within grasslands of semiarid regions (White et al. 2004) . Initial declines in soil moisture within low-land riparian soils of Australia were associated with declines of soil inorganic N, but complete desiccation elevated pools of soil inorganic N (Baldwin and Mitchell 2000) . We observed initial decreases in soil NO 3 À -N concentrations at P. deltoides sites (Fig. 5a ) that coincided with declines in soil moisture (Fig. 4a) concurrent with the onset of drought. Soil NO 3 À -N concentrations increased as the drought continued. However, soil moisture also increased, coinciding with the end of the growing season, suggesting that oscillations in pools of soil inorganic N were driven more by seasonal changes in soil moisture and temperature than by drought. Similar seasonal fluctuations in soil inorganic N have been observed by Nadelhoffer et al. (1984) and Pinay et al. (2000) .
Clearing of understory vegetation at the two P. deltoides LIFI sites could have altered soil N concentrations through (1) reduced litter inputs to riparian soils, (2) root decomposition of plants that were cleared, and (3) reduced N 2 -fixation in soils due to the clearing of E. angustifolia, a species with N 2 -fixing root symbionts. Clearing of nonnative understory vegetation occurred at the South Valley Albuquerque site prior to measures of leaf-litter standing stock. Nonnative vegetation at this site comprised roughly 10% and 3% of total leaf litterfall from October through February prior to and after clearing, respectively. Thus, clearing may have reduced the quantity of leaf-litter standing stock at P. deltoides LIFI sites, but this effect likely did not alter the similarity in leaf-litter standing stock between P. deltoides SIFI and LIFI sites. Only two soil collections were made after clearing of the Central Albuquerque site in spring 2004. In contrast, seven collections were made after clearing of the South Valley Albuquerque site in fall 2002. Effects of clearing thus had greater time to be manifested at this site relative to the Central Albuquerque site. We ran paired t tests on concentrations of soil NO 3 À -N and NH 4 þ -N for sampling collections conducted before and after clearing at each site. No significant differences (P . 0.05) were detected at either site, suggesting effects of clearing on concentrations of soil N were negligible.
Suppression of leaf production by flood inundation and drops in groundwater table elevation
Flooding has been shown to increase plant productivity in some systems (Tre´molie`res et al. 1998) . Populus species are generally regarded as being tolerant of excessive moisture relative to other species of woody plants (Harrington 1987 ). Yet, flooding can induce anoxic conditions surrounding plant roots. Anoxia slows root growth and reduces nutrient uptake in P. deltoides (Harrington 1987, Liu and Dickmann 1992) . Flooding also promotes the closure of stomata in P. deltoides leaves. Stomatal closure can suppress leaf growth over the long-term (Smit et al. 1989 (Smit et al. , 1990 , thereby reducing canopy leaf area (i.e., LAI) and subsequent leaf litterfall. We observed reduced leaflitter production at P. deltoides SIFI vs. LIFI sites after prolonged inundation. Leaf-litter production at P. deltoides SIFI sites diminished after the spring 2001 flood and remained low until the growing season of 2004 (Fig. 7a) . Ellis et al. (1998) experimentally flooded a stand of P. deltoides at the Bosque del Apache NWR for roughly one month over the course of three years. They too found a suppression of leaf-litter production at the flood site in each of the first two years of flooding relative to a control site that was not inundated. However, leaf-litter production was greater at the flood site relative to the control site after the third year of flooding. In our study, leaf-litter production at both P. In contrast to P. deltoides sites, leaf-litter production at T. chinensis SIFI and LIFI sites was similar (Fig. 7a) . Flood inundation has been shown to reduce biomass production of T. chinensis saplings relative to native riparian plants (Vandersande et al. 2001 ), but growth effects of flooding on mature T. chinensis have not been studied in detail. Brotherson and Field (1987) reported that mature T. chinensis can survive inundation of up to 70 days, which is just over half the reported flood tolerance of P. deltoides (120 days; Rood and Mahoney 1990) . Mature T. chinensis trees respond to flood inundation by growing adventitious roots at the surface of flood waters (Everitt 1980) . This adaptation, which was observed within T. chinenis SIFI stands along the middle Rio Grande, may allow T. chinensis to maintain leaf growth during periods of inundation.
Phreatophytes are plants that extract water from ground water or the transition zone between saturated and unsaturated soils, called the capillary fringe. Tamarix species are considered to be facultative phreatophytes (Di Tomaso 1998) . Populus species are generally considered to be obligate phreatophytes, although Populus species can be facultative phreatophytes under certain conditions (Smith et al. 1998 , Snyder and Williams 2000 , Horton et al. 2001a . Productive stands of Populus occur where depth to ground water averages ,3 m (Stromberg et al. 1996 , Smith et al. 1998 , Horton et al. 2001a , Stromberg et al. 2007a ). Annual growth rates of P. deltoides decline along intermittent streams, as well as along perennial streams under conditions of low flow or depth to ground water near the threshold at which P. deltoides can persist (Scott et al. 1999 , Shafroth et al. 2000 , Horton et al. 2001a , Lite and Stromberg 2005 , Stromberg et al. 2007a . High levels of Populus canopy dieback can occur when depth to ground water exceeds 3 m (Horton et al. 2001a, b) , particularly if declines of 0.5-1.0 m take place seasonally or annually (Scott et al. 1999 , Shafroth et al. 2000 , Lite and Stromberg 2005 , Stromberg et al. 2007a . T. chinensis has been reported to show signs of stress in response to groundwater table elevation below 3 m, but to a lesser extent than Populus species (Horton et al. 2001a) .
Our data also suggest that deep groundwater table elevation or a severe reduction in depth to ground water inhibit LAI and leaf-litter production. Drought and water regulation led the middle Rio Grande to go dry during the summer months of [2002] [2003] [2004] in areas adjacent to the T. chinensis SIFI sites and the P. deltoides SIFI site at the Bosque del Apache NWR. Drying of the river in June 2003 spurred precipitous drops in groundwater table elevation to ,3 m at the T. chinensis SIFI sites (Fig. 3) and nearly 2.5 m at the P. deltoides SIFI site. These three sites, plus the Sevilleta site, had the lowest LAI values amongst all study sites in 2003. We also found that midsummer LAI in [2001] [2002] [2003] was negatively correlated with depth to ground water. Depth to ground water was, on average, shallower at P. deltoides SIFI vs. LIFI sites. A shallow depth to ground water should promote greater leaf-litter production, yet leaf-litter production was typically greater at P. deltoides LIFI vs. SIFI sites. An explanation for this apparent contradiction lies in the fact that P. deltoides deltoides take up water primarily from taproots or roots that proliferate at the capillary fringe Rood 1998, Stromberg et al. 2007a) , and rates of root growth often cannot match rapid drops in groundwater elevation.
Why leaf-litter production increased at P. deltoides SIFI sites but decreased at P. deltoides LIFI sites in [2004] [2005] remains an open question. Clearing of understory T. chinensis and E. angustifolia may have had an effect on litter production at these sites. Tibbets and Molles (2005) found the percentage N of E. angustifolia to be three times greater than that of P. deltoides. Multiple linear regression indicated that annual leaf litterfall in 2001 and 2002 by understory E. angustifolia within eight P. deltoides sites (four overlapped with this study) explained 41% (P ¼ 0.05) and 82% (P ¼ 0.01) of the variation in annual soil inorganic N concentrations in 2003, respectively (T. Tibbets, unpublished data) . Annual leaf litterfall of P. deltoides was included as a covariate in the analysis. Therefore, reduced N inputs to soils due to the loss of contributions from E. angustifolia leaf litter may have contributed to diminished P. deltoides leaf production at LIFI sites after clearing of the understory. We found no significant difference in soil N concentrations, however, with respect to clearing. The effect of the presence or absence of N 2 -fixing E. angustifolia on P. deltoides leaflitter production requires further testing.
Feedbacks between riparian soil N concentrations and leaf-litter production
Feedbacks between leaf-litter production and soil inorganic N determined the degree of nitrogen accumulation within all riparian study sites. Study sites with greater concentrations of soil N and shallow water tables supported greater LAI. In turn, sites with elevated leaf-litter production obtained greater litterfall N inputs and vice versa (Fig. 7b) . Data from P. deltoides sites demonstrated that pools of soil N were well correlated with litterfall N inputs (Fig. 8 ), but the relationship was best described by a saturation function showing that soil N concentrations create an asymptote at higher leaf litterfall N inputs. This trend toward saturation may have resulted from a shift in control of soil N concentration by annual leaf-litter inputs to a regime of more shared control by multiple sources, such as N 2 -fixation by E. angustifolia, accumulation of litter standing stock, and increased N deposition associated with urban influences. -N (14-26 lg/g soil) concentrations in Populus forests along the Garonne River of southwestern France. Study sites along the Garonne River, like those in our study, differed with regards to inter-flood interval and mean duration of floodplain inundation, but soil inorganic N concentrations were not correlated to flood regime (Pinay et al. 2000) . Chauvet and De´camps (1989) reported that Populus leaf litterfall along the Garonne River was on the order of roughly 400 g/m 2 , a quantity similar to Populus leaf litterfall along the Rio Grande (Fig. 7a) . However, a correlation between Populus leaf litterfall and soil inorganic N concentrations along the Garonne River has not been reported. Data from the southwestern United States and southwestern France show that concentrations of soil inorganic N not only differ across flood regimes within a single river system, but also are variable across riparian ecosystems.
Potential rates of net N mineralization measured via aerobic incubations in this study (0.0-0.5 lgÁg soil À1 Ád À1 ) were similar to or higher than in situ mineralization rates reported for Sycamore Creek riparian soils (0.00-0.06 lgÁg soil À1 Ád À1 ; Schade et al. 2002) and young (20-120 years) Populus forests of the Green River and Yampa River of Colorado, USA (0.03-0.06 lgÁg soil À1 Ád À1 ; Adair et al. 2004) . We found that LIFI sites had higher potential rates of net N mineralization relative to SIFI sites (Fig. 6 ). Greater quantities of soil organic N (amino acids and proteins) at LIFI vs. SIFI sites (J. Follstad Shah, unpublished data) or microbial mortality related to soil desiccation at LIFI sites likely supported this trend. Pools of labile soil organic N also may have been depleted under conditions of increased soil moisture at SIFI sites prior to soil sampling and aerobic incubation at 50% water holding capacity.
Riparian management using naturalized flows and restoration
Water operation managers throughout the United States have begun to implement naturalized flow regimes (e.g., Sparks et al. 1998 , Schmidt et al. 2001 , in part to assist natural resource managers and restoration practitioners to promote recruitment of native vegetation and to control the spread of nonnative vegetation. A naturalized flow regime design may call for a flood frequency of every two to three years in low-lying areas, but return flows of longer intervals on higher floodplain surfaces. For example, it is common on free-flowing rivers of the southwest United States for mature P. deltoides stands to be inundated only once every decade as a result of floodplain aggradation via sediment deposition over time.
Natural resource managers also must consider the timing, magnitude, and duration of naturalized flows in addition to their frequency. Timing is important because the seeding phenology of P. deltoides has evolved to be in concert with spring flood pulses resulting from snowmelt run-off, although seed dispersal has been observed to continue into July or August for some populations that may have adapted to localized, episodic summer rainfall and floods (Braatne et al. 1996) . P. deltoides seeds are viable for only 1-2 weeks (Braatne et al. 1996) . In contrast, T. chinenis seeds are dispersed throughout the growing season and are viable for five weeks (Everitt 1980) . T. chinensis can thus take advantage of riparian inundation that occurs later in the growing season. Establishment of P. deltoides seedlings also requires periodic high-magnitude (i.e., high stream power) flows to scour floodplain surfaces (Rood and Mahoney 1990 ). The duration of flood pulses is an important flood pulse characteristic that can be highly variable along regulated rivers. For example, the spring 2001 flood along the Rio Grande, a managed flow released for ecological reasons (Robert 2005) , exceeded 100 m 3 /s for two days and inundated riparian forests for less than a week. In contrast, flows in spring 2005 along the Rio Grande were released to adhere to delivery requirements governed by an interstate compact agreement. This flow exceeded 100 m 3 /s for 69 days and inundated P. deltoides SIFI sites between 30-70 days (Harner 2006) .
It is unclear whether the duration of riparian inundation has increased along the middle Rio Grande as a result of major river regulation. Stands of P. deltoides were historically located in isolated patches on the floodplain landscape that evolved as the river avulsed (Crawford et al. 1993) . Today, P. deltoides and T. chinensis are found in relatively contiguous stands between the edge of the middle Rio Grande and levees. The contiguous nature of riparian vegetation may now contribute to longer periods of riparian inundation. Alternatively, areas prone to longer duration flooding historically may have been wetlands, over 50% of which have been lost along the middle Rio Grande between 1935 and 1989 (Crawford et al. 1993) .
Despite the uncertainty surrounding the extent to which patterns of riparian inundation have changed over time, it is known that floods along the middle Rio Grande can induce anoxia at the surface of floodplain soils (Valett et al. 2005) . In addition, groundwaterdissolved oxygen concentrations of ,1 to ;3 mg/L have been measured during flooding (Valett et al. 2005 , Harner 2006 ). These conditions, over the long-term, may reduce P. deltoides productivity (Harrington 1987, Liu and Dickmann 1992) . Naturalized flow in semiarid regions thus poses a potential balancing act. Short-term releases of water concurrent with snowmelt run-off and subsequent riparian inundation in the spring promote P. deltoides recruitment (Mahoney and Rood 1998) and flush organic matter from the forest floor, thus reducing the potential for forest fire ) and sediment anoxia. Releases of long duration, however, can be detrimental to the productivity of mature populations of P. deltoides located in flood-prone areas. T. chinensis actually may be better suited than P. deltoides to long-term flooding through its ability to grow adventitious roots during periods of sustained inundation.
Maintenance of shallow depths to ground water is clearly important for optimal P. deltoides leaf productivity and positive feedbacks between leaf-litter production and soil N availability. Thus, the long-term conservation and regeneration of P. deltoides gallery forests of the southwestern United States rely upon the management of flows that support riparian groundwater table elevations between 1 and 3 m and provide peak flows that result in intermittent short-term overbank flood events that promote the establishment of P. deltoides seedlings.
Three management suggestions stem from this research. Natural resource managers and restoration practitioners should (1) utilize naturalized flows that help maintain riparian groundwater elevations between 1 and 3 m in reaches with mature P. deltoides or where P. deltoides revegetation is desired, (2) identify areas within the riverine corridor that naturally undergo long periods of inundation and consider restoring these areas to seasonal wetlands, and (3) use native xeric-adapted riparian plants to revegetate LIFI and SIFI sites where groundwater elevations commonly drop below 3 m.
CONCLUSIONS
Riparian soils in arid and semiarid regions are commonly N limited, resulting in a high biological demand for N resources. Floods promote both gains and losses of inorganic N within riparian soils, depending on the timing of floods, the duration of inundation, and effects on the quantity of leaf production. Long-duration inundation results in greater N losses via denitrification and greater stress to riparian vegetation due to root anoxia within saturated soils. Therefore, shorter duration but higher intensity inundation may have greater benefit to native riparian vegetation in arid and semiarid riverine corridors. Working definitions of ''long'' vs. ''short'' duration may vary from ecosystem to ecosystem depending on geomorphic variability, differences in soil texture, and the tolerance of riparian plants to submergence. Under non-flood conditions, groundwater table elevations at depths of 1-3 m allow P. deltoides to efficiently access water via taproots and fine roots growing at the capillary fringe. This condition supports high leaf production and subsequent accumulation of soil N resources.
The natural flow regime concept of Poff et al. (1997) emphasizes that managed flows should mimic the historic variability in river hydrographs. The importance of the timing of spring floods in snowmelt-dominated river ecosystems is now better appreciated with water releases more commonly timed to historic periods of flooding. The magnitude of flooding also is receiving greater consideration as important in determining the extent of riparian zone habitat that will be inundated during naturalized flow releases. This research highlights the importance of the duration of flooding on soil N dynamics, leaf production, and litterfall in P. deltoides and T. chinensis forests within riverine corridors of arid and semiarid regions. Further research is needed to determine the thresholds at which extended flood duration does more harm than good for mature stands of P. deltoides and to better quantify how flooding affects the physiology of mature T. chinensis.
